Abstract Alloying is one of the most important ways to improve the structural and functional properties of materials. It may result in a single solid-solution phase or a mixture of multiple phases. In this work we propose a solid-solution modeling approach via the standard deviation of the pair distribution function and three-body correlation function to mimic the similar local atomic environment (SLAE) of the alloying elements. We represent the solid-solution modeling as an optimization problem and employ the Basin Hopping algorithm to solve it. The cross validation between the SLAE method and the special quasi-random structure (SQS) method indicated that our approach can efficiently generate the solid-solution structure with the fully disorder and partial disorder. Further we describe the short-range order by the coordination number as a constraint condition in the process of optimization. Taking the typical quinary CoCrFeMnNi high-entropy alloy, continued solid-solution binary TaW alloy and ternary CoCrNi medium-entropy alloy with the short range order as prototypes, we apply our method in combination with ab initio calculations to investigate the phase stabilities of these alloys and compare the calculated results with experiments.
Introduction
The existence of solid-solution phases is common in structural and functional materials. The solid solutions are a typical disordered system in which the long-range order (LRO) or translation symmetry of the crystal lattice sites is broken. In the ideal solid solutions, the random distribution of atoms on the lattice sites results in the chemical disorder. The substitutional solid solutions are often corresponding to alloys composed of at least two alloying elements and adopt a typical crystal structure, for example, face centered cubic (fcc), body centered cubic (bcc), hexagonal close packed (hcp), L12, L21, and B2 structures.
The different atomic sizes and bonding behaviors of alloying elements derived from solute elements produce unexpected local environments of solute atoms and induce local lattice distortions and short-range order (SRO), which can result in desired properties in solid-solution materials. For example, the hardness of an alloy often increases with increasing atomic radius difference of alloying elements [1] . The different bonding behaviors may induce the solid-solution alloys with the partial disorder (for instance, the L21 (NiCo)2TiAl Heusler phase, enhancing creep resistance in multi-phase alloys [2, 3] and the L12 Co3(Al,W), potential high-temperature structural material [4, 5] ). With increase of Al content, the paramagnetic NiCoFeCrAlx (x=0-2) high-entropy alloys (HEA) adopt the fcc structure (x < 0.60) and the bcc structure (x > 1.23), with an fcc-bcc duplex region in between the two pure phases at room temperature [6] [7] [8] . The SRO may play an important rule to the low electronic and thermal conductivities for the equimolar CoCrNi solid-solution medium entropy alloy [9, 10] . For the experimental investigation of solid solutions, the atomic size misfit induced local lattice distortion and elastic modulus misfit are often measured via the pair distribution function (PDF), which represents the local coordination of atom with its neighboring atoms [11] .
In recent decades, ab initio calculation has become a powerful tool to study the electronic structure, phase structure, and intrinsic structural and functional properties of materials. An ab initio calculation usually starts with construction of a structural model for the complicated materials. Due to the lacking of modeling method for solid-solution multicomponent materials, extending ab initio calculation to solid solutions, especially for multicomponent alloys, remains a difficult problem. The simple supercell method is highly demanding in computation since it requires large-size configurations to take into account the disorder, while the conventional effective medium theory based methods ignore to treat the short-range correlation effects.
To model the alloying induced solid-solution phase, the widely applied techniques include the virtual lattice approximation (VCA) [12] , the coherent potential approximation (CPA) [13] , the special quasi-random structure (SQS) [14] , and the cluster expansion (CE) method [15] . The VCA adopts the oversimplified average of corresponding one-electron potential of alloying elements. Both electron potential and wave functions are not self-averaging quantities [16] . The one-site CPA method is based on the mean-field theory that can elegantly treat both chemical and magnetic disorder in random alloys at arbitrary composition, while the local atomic environment is ignored [17] . Based on the method of exact muffin-tin orbitals in combination with CPA, the elastic mechanic properties are successfully calculated for many substitutional solid solutions [18, 19] . The SQS method is an approach to modeling the random solid solutions via the match of objective function with the best possible small periodic supercell. As far as we can know, few methods are feasible for the SRO effect. In principle, the CE method can capture the SRO effect in random alloys [20] .
A random distribution of atoms in solid-solution phase may exhibit SRO, LRO or partial disorder. In this paper, we propose a solid-solution structural model in which the solute atom or alloying element on lattice site has the similar local atomic environment (SLAE) [21] . The standard deviations from the atomic pair distribution functions and three-body correlation functions are used to determine the SLAE of alloying elements in solid-solution materials. It may support the modeling of the solidsolution structure with SRO, LRO, or partial disorder and be combined with ab initio method to more reasonably study the solid-solution materials. Given the computing power available to us, we are able to use the SLAE method to construct fcc and hcp supercells for the CoCrFeMnNi HEA to predict the phase stability. We study Ta-W alloys and compare the effect of partial disorder on the transformation from B2 to bcc phase. For the solid solutions with SRO, we consider the equimolar CoCrNi mediumentropy alloy, as an example, to discuss the SRO effect on the phase stability.
In the following sections, we first discuss in details how to generate a multi-component solid solution structure via the objective function derived from the SLAE concept, and show the corresponding flowchart of algorithms and procedures. The comparison of SLAE and SQS methods is also discussed. In the section of Application, we give a detailed estimation of the validity of SLAE solid-solution method. We end the paper with Conclusion.
II. Methodology
For an ideal random solid-solution alloy containing multiple alloying elements α, β, γ …, the ratio of each element in the alloy is cα, cβ, cγ, …,( = 1 c    ), we consider the local atomic environment of solute atoms or alloying elements on the lattice site similar to each other [21] .
In order to construct a suitable model for the random solid-solution alloy, a supercell model is created. By picking up N lattice sites in the disordered solid-solution alloy, we get an N-atom cluster GN. A G2 cluster describing the pair distribution function is defined as G2(α, β, r), with α and β being the element type of the first and second atoms, r being the distance between two atoms. Similarly, a G3 cluster describing the three-body correlation function is defined as G3 (α, β, γ, r1, r2, r3) , where α, β, γ are the atoms occupying the first, second and third lattice sites, r1, r2, r3 being the distance between β-γ,α-γ and α-β atoms, respectively.
For each lattice site in the solid-solution structure, the probability of the lattice site being occupied by the alloying element α is equal to its ratio cα in the solid solutions, and the distribution of different alloying elements is independent. It can be easily derived that, for any kind of G2 cluster, the probability of the two lattice sites being occupied by element α and β is equal to cαcβ; for any kind of G3 clusters, the probability of the three lattice sites being occupied by element α, β and γ is equal to cαcβcγ.
By traversing the whole candidate supercell, we can get the number of each type of G2 and G3 clusters as NG2(α, β, r) and NG3 (α, β, γ, r1, r2, r3) . Furthermore, the total number of all G2 clusters with the atomic distance being r and all G3 clusters with the atomic distances being (r1, r2, r3) are TG2 (r) and TG3 (r1, r2, r3), respectively. Based on the assumptions above, we can deduce that for an ideal random solid-solution alloy, we have 
For the real structure of solid-solution alloy, the Eqs (1) and (2) may not be perfectly satisfied. Here we define two parameters pG2 and pG3 to evaluate the matching of the alloy to the ideal situation
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For an ideal random solid-solution alloy, pG2 for any kind of G2 cluster and pG3 for any kind of G3 cluster are equal to 1, respectively. The closer pG2 and pG3 are to 1, the better the structural model matches the ideal random solid-solution alloy. Following the equation of standard deviation
we further estimated the derivation of the structural model to the ideal disordered state by using G2 clusters and G3 clusters as 
Here wG2(r) and wG3(r1, r2, r3) are the weight for different G2 and G3 clusters based on the atomic distances, Nα,β(r) (Nα,β,γ(r1, r2, r3)) is the number of kinds of G2(G3) clusters with the atomic distances being r ((r1, r2, r3) 
Because the local atomic environment is mainly determined by the nearest neighboring atoms two cutoff values are set as the maximum distance for G2 and G3 clusters considered in Eqs (8) and (9).
An objective function describing the disordered situation of the supercell can be defined as 23 23 () As an example, we compared the objective function of a fully ordered B2 structure and a fully random bcc structure for the equimolar AB binary alloy. The numbers of ideal and real G2 and G3 clusters are listed in Table S1 and S2, respectively, in the supporting material. If we treat the ordered B2 structure as random solid-solution situation, many G2 and G3 clusters are missing, leading to large 2 G  (1.00) and 3 G  (2.00). While for the fully random bcc structure, the numbers of G2 and G3 clusters are both very close to the ideal solid-solution situation, leading to the very small 2 G  (0.01) and 3
In the above description of the methodology, we assume that each atom in random solid solutions occupies the same Wyckoff position, i.e. there is only one Wyckoff position in the crystal. For complicated alloys whose crystal structure has multiple Wyckoff positions, the above formulas could be extended accordingly. In the present SLAE model, the fundamental physical assumption is the ignorance of thermodynamics, which is also adopted by the SQS method.
Method evaluation
To validate our method, we tested the present method by using two fcc AB and A0.625B0.375 binary alloys using different supercells with 32, 64, 128, 256 and 512 atoms. For each supercell, fifty random structures were generated. The average values of ΔG2 and ΔG3 as a function of the number of atoms in the SLAE structures are shown in Fig. 1 . We can see that with increasing number of atoms, both ΔG2 and ΔG3 values decrease. It indicated that the alloy model with more atoms is naturally more close to the ideal random solid-solution situation. Fitting the data of ΔG2 and ΔG3 for AB and A0.625B0.375, we found that ΔG2 and ΔG3 are proportional to 1 
NA
, where NA is the number of atoms in the supercell.
For AB alloy, the fitted formulas are 2 2 0.440
While for the A0.625B0.375 alloy, the fitted formulas are 2 2 0.520
The fitting formulas show that the SLAE method displays the 1 NA convergence. From the above validation, we conclude that the objective function described in Eq (10) converges to 0 with increasing number of atoms in the supercell, and the convergence speed is proportional to 1 NA . The objective function of a finite-size structure could be as small as that of a larger supercell configuration. In this situation, the finite-size structure can be used as a structural model of the solid-solution materials instead of the large supercell. 
Cross validation of SLAE method and SQS method
The SQS method is one of the most popular supercell methods for generating solid-solution structure. The basic idea of the SQS method is slightly similar to that of the SLAE approach. It is necessary to make a cross comparison of both methods. For two binary alloys with atomic ratio being 1:1 and 5:3 and one ternary alloy with atomic ratio being 1:1:1, the most disordered alloys are generated for bcc, fcc and hcp structures using both SQS and SLAE methods. The same-size supercell is used in the two methods. We considered the two-body and three-body correlations in both method. Table 1 Comparisons between the present SLAE method and the SQS method for the typical binary and ternary alloys. NA is the number of atoms in the solid-solution structure. The derivations ΔG2 and ΔG3 are from Eqs (6) .375 binary alloys generated by using SLAE and SQS methods. Δ2 and Δ3 are the difference of the two-body correlation (G2) and three-body correlation (G3), respectively. The symbol r0 is the first neighboring atomic distance. The symbol "Difference" is the derivation between the correlation of current structure and the correction of target disordered situation.
The structures generated by SQS and SLAE methods are then further cross evaluated by using the SLAE method and SQS method, respectively. The derivations of the best structures generated by SLAE and SQS methods are listed in Table 1 . Although the objective function of SLAE method differs from that of SQS method, the best structure found by the SQS method is also relatively excellent when evaluated by using the objective function of SLAE method. Meanwhile, the best structure found by the SLAE method is also cross evaluated by using the SQS method. Results of the calculated difference of correlation function are listed in Table S3 to S11 in the supporting materials. As a demonstration, using the difference of correlation from SQS method, we show in Fig. 2 the difference of correlations of the fcc AB and A0.625B0.375 binary alloys. Note that, due to small cutoff for three-body correlation with respect to two-body correlation, the number of data of three-body correlations is less than m that of two-body correlations. Although the different objective functions are adopted, the SLAE structures are comparable with the SQS structure by using the SQS objective function, especially for the correlations with small r. The large differences with large r are mainly due to the small weight for G2 and G3 clusters. The cross comparison between the SQS method and the SLAE method suggested that the quality of two methods can be comparable.
Evolution method a. Generation of SLAE structure with random and partial disorder
The structure evolution is implemented by using the Basin Hopping (BH) algorithm [22, 23] , which has been shown to be efficient in structure prediction of atomic clusters and crystal structure. Given a seed structure of the random alloy SC1, the objective function is evaluated as f(SC1). A new structure SC2 is generated by randomly swapping the coordinates of two atoms of different elements. The objective function of SC2 is reevaluated as f(SC2). The new seed structure is then selected by the Metropolis selection rule:
If f(SC2)<f(SC1), the structure SC2 is selected as the new seed structure. Otherwise a random value p is selected in (0, 1) and compared with ( ( 1 )− ( 2 ))/ , where δ is a parameter to adjust the accepted ratio. If p < ( ( 1 )− ( 2 ))/δ , SC2 is selected as the new seed structure, otherwise the seed structure is unchanged. The procedure will be repeated for several times. Since the BH algorithm is a relatively local method, and the final structure may be determined by the quality of the seed structure, the BH procedure will be repeated several times starting with different seed structures.
To demonstrate the efficiency of the BH algorithm, we compared the efficiency of the BH method and ordinary Monte Carlo (MC) method by evaluating the quality of the best structures based on the same number of structures. For the MC method, 1000 random structures are generated per cycle. While for the BH method, 250 random structures were generated per cycle. The structure that has the smallest objective function will be selected as the seed structure for the BH method, and then 750 structures will be generated according to the BH algorithm. For both methods, the program will run for 10 cycles, so 10,000 structures will be generated by each method. We calculated the average ΔG2 and ΔG3 for the best 50 structures out of the 10,000 structures generated by MC method and BH method. The test is shown in Table 2 . In all our tests, the average values ΔG2 and ΔG3 from BH method are smaller than that from the pure MC method. 
b. Generation of SLAE structure with constraints
The random solid solutions are an ideal phase in substitutional alloys. The disorder with constraints often occurs in alloys and produces the SRO, LRO and partial disorder in solid solutions. For the partial disorder and LRO, the selected atoms on some lattice sites can be fixed in the modeling process. For the modeling of solid-solution structure with SRO, we further improve the present algorithm in the SLAE method.
For the generation of structure with SRO, the average coordination number of atoms are used as a criterion. For example, for a ternary alloy AxByCz (x+y+z = 1) with three types of elements A, B and C. For alloying element A, the average number of neighboring B atoms and C atoms within distance r is Nave (A, B, r) and Nave (A, C, r), respectively. For the ideal random alloy, we have ( , , ) ( , , ) = / . However, in the real alloy, the distribution of atoms may not be fully random due to the bonding behavior of different alloying elements, it is possible that the element B is more likely to be coordinated with element A, i.e.
( , ) ( , ) > / . In our SLAE method, the SRO can be considered during the structure evolution procedure. For each atom α, the numbers of neighboring atoms β whose distance to atom α is smaller than given cutoff rc,is calculated and the averaged as Nave (α, β, rc). During the structure modeling procedure, only structures whose Nave (α, β, r) is within the preset range (NaveMin, NaveMax), can be used as seed structure in the BH procedure. So, for the SLAE structure, both the objective function f(S) and the SRO constraint are applied during the BH procedure. Fig. 3 shows the flowchart of the SLAE structure generation for random solid solutions and partial disordered solid solutions. The flowchart of the BH algorithm with constraints shown in Fig. 3 is marked in red, which is further illustrated in Fig. 4 . Note that for the SLAE generated configurations with SRO constraints, the validated structure should be further determined by the free energy calculation or experiment observation.
In all, depending on the local atomic environments in real alloys, we can apply the SLAE method to generate the random solid-solution structures, and solid-solution structures with partial disorder as well as the solid-solution structure with SRO or LRO. Note that the periodic boundary condition satisfies the translation symmetry and the number of atomic pairs on the boundary are equally divided by the two neighboring supercells. The implementation of the SLAE method is valid for the 14 different Bravais lattices, namely, all 230 space groups. 
Ab initio calculated details
Based on the SLAE methods, we constructed supercell models for several solid-solution alloys and performed ab initio calculations to investigate their phase stabilities, so as to demonstrate the validity of the SLAE method.
In the present ab initio calculations, we employed the Vienna Ab initio Simulation Package (VASP) computer program [24] based on the density functional theory [25, 26] . The exchange-correlation potentials were treated by Perdew-Burkey Ernzerhof [27] within the generalized gradient approximation. The electron-ion interaction was described by the projector augmented wave (PAW) method [28] . The plane-wave cutoff energy is 300 eV. The Brillouin zone sampling was performed using the special k points generated by Monkhorst-Pack scheme [29] with density parameters 0.2 1/Å. The convergence tolerance level is 10 -6 eV/atom and 0.01 eV/ Å for total energy and the max force on each atom, respectively.
In the calculations of ferromagnetic (FM) Co-Cr-Fe-Mn-Ni alloys, Cr and Mn are set the opposite moments compared to the rest of the alloying elements, i.e., Cr and Mn are set as spin up, while Fe, Ni and Co are set as spin down. The paramagnetic (PM) state above the Curie temperature is modeled by using the disordered local moment (DLM) approximation [30] . Namely, the spin-up and spindown atoms with equal atomic fraction for the same elements are treated as different atomic species distributed randomly in the supercell. For example, for a 180-atom CoCrFeMnNi quinary equimolar alloy, the SLAE structure with PM state contains 10 components (18Co↑18Co↓)(18Cr↑18Cr ↓)(18Fe↑18Fe↓) (18Mn↑18Mn↓)(18Ni↑18Ni↓).
III. Application

Phase stability of CoCrFeMnNi alloy
As a typical HEA sample, single phase CoCrFeMnNi [31] alloy has drawn much attention since being reported in 2004. The experimental lattice parameter of the fcc structure is about 3.590-3.610 Å, the corresponding equilibrium volume is 11.56-11.76 Å 3 /atom. As far as we know, the experimental CoCrFeMnNi HEA was defaulted as the paramagnetic (PM) state, due to the heat treatment. Whereas the alloying elements adopt different magnetic states in their ground state (ferromagnetic (FM) for Fe, Ni, Co, while antiferromagnetic for Cr, multi-magnetic for Mn). In the following section, the FM state represents the ferromagnetic set for Fe, Ni, Co, Mn and antiferromagnetic set for Cr, while AM state stands for antiferromagnetic set for Cr, Mn and ferromagnetic set for Fe, Ni, and Co in our ab initio calculations. For the PM state, the DLM approximation was employed. For the no magnetic (NM) state, we considered non spin polarized set in ab initio calculations.
Using the SLAE method, we constructed the 180-atom supercell structure, i.e. 3×3×5 fcc SLAE structure (see Fig.5 A) [33] ). Recent ab initio calculations suggested that hcp is more stable than fcc at T=0 K [31, 32] . More recent experiments indicated that the hcp is a stable phase [33, 34] . To estimate the validity of SLAE method for the phase stability, we constructed the hcp based SLAE structure, i.e. 5×5×3 hcp supercell with 150 atoms (see Fig.5 B) . From Table 3 , we can find that at each magnetic state, the 150-atom hcp SLAE structure is more stable than the 180-atom fcc SLAE structure. 1NN to 5NN ) atomic pairs. r0 is the first neighboring atomic distance. A and D for 180-atom fcc SLAE structure, B and E for 150-atom fcc SLAE structure based on ABC stacked configuration implemented along the fcc <111> crystal direction, and C and E for 150-atom hcp SLAE structure.
In order to eliminate the possible size effect, we constructed the SLAE structure with the same atomic number to simulate the hcp and fcc CoCrFeMnNi HEA. Along the fcc<111> crystal direction, we constructed ABC stacked hexagonal structure and enlarged the 3-atom fcc<111> hexagonal structure to 150-atom fcc<111> SLAE structure, i.e. 5×5×3 supercell (see Fig.5 C) . From Table 3 , we can see that the 150-atom hcp SLAE structure is still more stable than the 150-atom fcc <111> SLAE structure. Interestingly, both ab initio predicted average energies per atom and the equilibrium volumes of fcc SLAE and fcc<111> SLAE structures are excellently consistent with each other for the different magnetic states. For fcc SLAE and fcc <111> SLAE structures, the total magnetic moment per atom at the FM state is very close to that of AM state. Whereas the magnetic moment of PM state is close to zero, which may suggest the validity of DLM approximation application to the SLAE method. Figure 5 (D, E, F) shows the radial distribution function of the three above SLAE structures. The quinary alloy has 15 different-type atomic pairs. Due to the equimolar ratio of alloying elements, the radial distributions are very close to each other for the 1th-5th nearest neighboring atomic pairs.
Partial disorder of Ta-W alloy
From the fully ordered phase to the fully disordered phase, there often exists the partial disordered phase. For an equimolar binary alloy, its B2 phase has two different sublattices (A and B) . Taking Ta-W binary alloy as an example, we use the content of W on the A lattice site to define the partial disorder in the Ta-W alloy. When x=0, Ta (W) occupies the A (B) lattice sites, the Ta-W alloy form a fully ordered B2 phase. Whereas x=0.5, Ta and W are evenly distributed on A and B lattice sites, the Ta-W alloy form a random solid solution with bcc crystal structure. The partial disorder is corresponding to the value x (0<x<0.5). Ta-W alloys from fully order B2 (x=0) to partial disordered (x=0.125, 0.25) to fully disordered bcc (x=0.5). r0 is the first nearest neighboring atomic distance. Figure 6 shows the radial distribution g(r) as a function of the nearest neighboring atomic pairs. The radial distribution g(r) of the first neighboring atomic pairs (1NN) is normalized as 1. The first nearest neighboring atomic number is set as n0. We define the Nth nearest neighboring atomic distance and atomic number as r and n, respectively. The radial distribution g(r) of the Nth nearest neighboring atomic pairs satisfies g(r) = (n/n0)×(r0/r)^2. For example, in the bcc crystal structure with lattice parameter a0, with respect to the 1NN atomic distance, the second and third nearest neighboring atomic distances should be equal to (√3a0/2)/a0~1/1.155 and (√3a0/2)/(√2a0)~1/1.633, respectively. When x=0, Ta and W form the fully ordered B2 structure. The 1NN atomic pair is Ta-W. The number of 1NN atomic pairs should be 8. The second neighboring atomic pairs (2NN) is TaTa or W-W. The number of the 2NN (3NN) atomic pairs is 6 (12) . When the 1NN atomic number is normalized. The radial distribution of the second (third) nearest neighboring atomic pair is equal to g(r) = (6/8)×(1/1.155) 2 =0.562 ((12/8)×(1/1.633) 2 =0.563). From Fig. 6 , we see that the atomic pair (W-W, Ta-W or Ta-Ta) orderly occupies on the nearest neighboring, whereas the Ta-Ta, W-W and Ta-W atomic pairs exist in the bcc phase and they have similar radial distribution from 1NN to 5NN atomic pairs. For the partial disordered phase, the radial distribution of Ta-W atomic pair is not equal to that of Ta-Ta and W-W atomic pairs. The number of atomic pairs depends on the different nearest neighboring environment. With increase of W content x, the number of Ta-W atomic pairs become close to Ta-Ta (W-W) atomic pairs. Table 4 lists the energy difference of Ta-W alloys. The energy difference becomes large with increase of disorder degree (from the fully ordered B2 to fully disordered bcc). It suggests that the stable phase of Ta-W alloy has tendency to form the ordered B2 structure at T=0 K. 3. Short-range order of CoCrNi alloys Before the discussion of the SRO, we first discuss the distribution of atomic pairs in the fcc equimolar CoCrNi medium-entropy alloy. We constructed a 108-atom SLAE structure. The weight of ΔG2 and ΔG3 in the objective function is set to be 1:1. Fig.7 shows the atomic distribution of 1NN and 2NN atomic pairs. For each atom in the fcc crystal structure, the numbers of 1NN and 2NN atomic pairs is 12 and 6, respectively. For the equimolar ABC ternary alloy, there exist six different atomic pairs (A-B, A-C, A-A, B-C, B-C, and C-C) and three different atomic pairs near each alloying element. From Fig. 7 , we can see that the average numbers of 1NN and 2NN atomic pairs are all exactly equal to the ideal values. To show the effect of three-body correlation, we compared the distribution of atomic pairs with and without ΔG3. From Fig.7 , we can see that the addition of threebody correlation reduces the standard deviation of 1NN atomic pairs. Since only the first nearest neighboring three-body correlation is considered on each crystal site, the ΔG3 may influence the distribution of first nearest neighboring atomic pairs. Although the standard deviations of some atomic pairs become slightly large, its effect is still relative small and the average number of second nearest neighboring atomic pairs is equal to the ideal value (2) .
To eliminate the size effect on the phase stability, we constructed a 54-atom SLAE configuration for fcc CoCrNi solid solution [35] , i.e., 3×3×3 hcp supercell for hcp solid solutions and 3×3×2 fcc<111> supercell for fcc solid solutions. Fig. 8 shows the energy of different magnetic-state hcp and fcc solid solutions. We can find that the hcp phase is more stable than fcc structure at different magnetic states. In fact, when CoCrNi is considered as a random solid solution, the calculated results based on CPA, SQS and simple supercell methods all suggested that fcc is not the ground state structure, with respect to the double hexagonal close packed (dhcp) and hcp phases [36] . Considering that the size of SLAE structure for CoCrNi is slightly small, we constructed three SLAE configurations for hcp and fcc phases, respectively. Note that the fcc SLAE structures are based on the fcc <111> configuration (ABC stacked hexagonal structure). For the hcp or fcc SLAE structures, the difference of energy per atom between three SLAE configurations is smaller than 5×1 0 -3 eV/atom for the same magnetic state. Recent experiments indicated that there is the SRO near Cr atoms (close to (Ni,Co)2Cr) in the fcc CoCrNi alloy [37] . In our SLAE structural model, we control the distribution of atomic pairs to simulate the SRO. Fig. 9 shows the illustrated distribution of the first nearest neighboring atomic pairs near one Cr atom. For the ideal random solid-solution CoCrNi alloy, the average number of nearest neighboring atoms Nave should be equal to each other for the Co, Cr and Ni alloying elements, for instance, for the average number of nearest neighboring atoms near Cr, we have Nave(Cr, Co, r0)= Nave(Cr, Cr, r0)= Nave(Cr, Ni, r0). For the CoCrNi with SRO (near Cr), the value of Nave(Cr, Cr, r0) should be smaller than (Nave(Cr, Co, r0)+ Nave(Cr, Ni, r0))/2. In the structure modeling, the SRO constraint was set so Nave(Cr, Cr, r0) is in the range of (3.0, 3.3). Fig.10 shows the radial distribution of the nearest atomic pairs for the CoCrNi solid solution with SRO. For the first nearest-neighboring atomic pairs, the number of Cr-Ni and Cr-Co is 88 and 92, respectively, whereas the number of CrCr is 60. The similar neighboring distribution is kept for the 2th-5th nearest neighboring atomic pairs. Table 4 shows the equilibrium bulk properties of the CoCrNi solid solution with/without SRO. Results suggest that the SRO makes fcc more stable, with respect to hcp. Due to the existence of antiferromagnetic Cr atoms, the Curie temperature of CoCrNi is very low (<5K) [10] . According to the available estimation of Curie temperature, our ab initio predicted Curie temperature is about 6.8-21.2 K from the three different SLAE configurations. For the CoCrNi solid solution with SRO, three SLAE configurations have similar average magnetic moment close to 0.4 μB at ferromagnetic state, while the average magnetic moment of paramagnetic state is close to zero. Whereas the average magnetic moment of random CoCrNi is slightly large, with respect to the random CoCrNi solid solution, i.e., SRO induces the decrease of magnetic order. In the three magnetic states, the ferromagnetic state has the largest equilibrium volume. The increasing equilibrium volume of CoCrNi without SRO may derive from the magnetic order.
VI. Conclusion
We have presented the similar local atomic environment (SLAE) method to simulate the solidsolution alloys with different local atomic environments, such as, atomic random distribution, partial disorder, or short range order, etc. A new objective function is designed so as to take both the pair correlation and three-body correlation into consideration. The coordination number is used to describe the short-range order. The evolution was implemented by using the Basin Hopping algorithm. The good agreement between ab initio predicted phase stability and experiential investigation indicated that the SLAE method is able to describe the complicated solid-solution alloys. The cross validations show that the SLAE method can generate the solid-solution structure with comparable quality with respect to the SQS method.
For the CoCrFeMnNi high-entropy alloy composed of multi magnetic alloying elements, the ferromagnetic, antiferromagnetic and paramagnetic states have very close equilibrium volume and energy, although their average magnetic moments are slightly different. The ab initio calculated Ta-W continued solid-solution binary alloy with partial disorder suggested that the Ta-W alloy has tendency to form the ordered B2 phase at 0K. The short range order plays a key role in the phase stability and magnetic order in the CoCrNi medium-entropy alloy.
The combination of SLAE structure with ab initio calculations offers an efficient approach to the ab initio calculation of alloy phase stability and studying the effect of alloying element on the electronic structure. The structural modeling method allows to investigate the phase transformation from the long range order to short range order solid-solution materails based on the free energy calculation.
